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Abstract: The requirements for fish protection at hydro power plants have led to a significant decrease
of the bar spacing at trash racks as well as the need of an inclined or angled design to improve
the guidance effect (fish-friendly trash racks). The flexible fish fence (FFF) is a new developed
fish protection and guidance system, created by horizontally arranged steel cables instead of bars.
The presented study investigated experimentally the head loss coefficient of an angled horizontal
trash rack with circular bars (CBTR) and the FFF with identical cross sections in a flume (scale 1:2).
Nine configurations of different bar and cable spacing (blockage ratio) and rack angles were studied
for CBTR and FFF considering six different stationary flow conditions. The results demonstrate that
head loss coefficient is independent from the studied Bar–Reynolds number range and increases
with increasing blockage ratio and angle. At an angle of 30 degrees, a direct comparison between
the two different rack options was conducted to investigate the effect of cable vibrations. At the
lowest blockage ratio, head loss for both options are in similar very low ranges, while the head loss
coefficient of the FFF increases significantly compared to the CBTR with an increase of blockage.
Further, the results indicate a moderate overestimation with the predicted head loss by common head
loss equations developed for inclined vertical trash racks. Thus, an adaption of the design equation is
proposed to improve the estimation of head loss on both rack options.

Keywords: fish protection; head loss; intake; hydraulics of renewable energy systems; hydraulic
structure design and management; scale model test

1. Introduction

1.1. General

Fish protection and downstream migration measures are considered essential in the design,
construction or retrofitting and operation of hydro power plants. Since downstream migrating fish,
particularly juveniles, tend to swim within the main current, they will consequently pass the turbines
without appropriate measures at the water intake [1]. Depending on site-specific conditions such as
turbine type, total head, operation mode of the power plant or fish size, fish are injured, followed by a
high risk of mortality [2]. Fish that refuse to enter the turbines remain in the reservoir area, sometimes
for several days [3]. Physical barriers, particular trash racks with horizontal or vertical bars that are
angled to the flow direction (angled trash racks) or inclined to the bottom (inclined trash racks), are one
technical solution to prevent fish from turbine-passage and guide them to a bypass [4].
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For these devices, bar spacing b has to be designed considering the target fish species and
minimum fish sizes, while values of 10–30 mm are recommended [4–6]. Furthermore, a slight angle
(≤45◦) of the barrier to the flow direction is recommended, if an efficient bypass is located at the
downstream end of the barrier [4,5,7,8].

Nevertheless, these solutions often lead to a great challenge for energy operators in consideration
of increased operational and financial efforts, particularly due to debris related blockage and high
head losses [8,9]. Particularly for run-of-river plants with low design heads, the head loss through a
fish-friendly trash rack can cause significant relative energy production losses and hence should be
part of the optimisation process of the intake structure [10]. Furthermore, for larger plants (design
discharge ≥90 m3/s), these solutions are not yet feasible [11].

Therefore, an interdisciplinary research programme on a new developed fish protection system,
called the flexible fish fence (FFF), was initiated. The FFF is a physical barrier, created by horizontal
oriented steel cables instead of bars [9,12–14]. To divert fish towards the bypass, the flexible structure
can be positioned in various (slight) angles to the flow direction. Thus, the fish protection effect of the
FFF is similar to an angled trash rack with horizontal bars, but allows a favourable mode of operation:
Local clogging at the FFF during normal operation (e.g., small branches leaves, grass) is mobilised and
cleaned by releasing individual steel cables or cable clusters [9]. Since the FFF works only as a fish
protection device, an additional thrash rack downstream of the FFF for turbine protection is necessary
(if not already existing in the case of a retrofitting).

The presented study compared a trash rack with horizontal circular bars (geometrically similar to
the FFF) to the new concept with the cables in an experiment in the flume. Therefore, the same cross
section of the structure (diameter s is 5 mm) was chosen and the spacing b between them as well as
the angle α of the installation in relation to the main flow direction was investigated. This allowed
identifying the effect of the comparable flexible structure made of cables in relation to circular bars.

1.2. Basic Equations

The aim of the experimental study presented here was to investigate local head loss hv through a
physical barrier similar or equal the flexible fish fence (FFF). In particular, it was evaluated how the
specific geometry including the bar spacing, rack angle, bar shape and hydraulic conditions affect
head loss through the FFF. The evaluation of the local head loss hv is based on Bernoulli’s equation
and the comparison of two cross sections, which are numbered in flow direction. By assuming that
the kinetic energy correction factor is equal to 1 (-), the head loss hv,total between two sections can be
calculated as following [15]:

hv,total = z1 − z2 +
p1 − p2

ρ · g
+

v2
1 − v2

2
2 · g

= hv + hv,cont. (1)

For this analysis, the elevation z1,2, pressure p1,2 and velocity v1,2 were needed for each cross
section as well as two constants, namely density of water ρ and gravity acceleration g. Furthermore,
the loss hv,cont based on surface roughness between the two measurement positions had to be eliminated
to identify the local head loss hv due to the structure. For the current case, the flume was used in its
horizontal position (z1 = z2) and the water depth h1,2 could replace the formulation of the pressure to

hv = h1 +
v2

1
2 · g

− h2 −
v2

2
2 · g

− hv,cont. (2)

For most of the applications in turbulent flow conditions, the local head loss coefficient ξ can be
introduced. This assumes a linear connection between hv and the velocity height v2

re f /(2 · g):

hv = ξ ·
v2

re f

2 · g
. (3)
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A clear definition of the reference velocity vre f was needed [16,17]. For the quantification of head
loss at trash racks, the undisturbed cross upstream the structure was used (mean approach velocity) [18].
It was assumed that the velocity distribution over the complete cross section is homogeneous. For some
applications and under specific circumstances, the velocity of the complete cross section of the trash
rack can change significantly, which could be part of future investigations [19]. For the presented
results, the velocity v1 was used as vre f , hence this is a section that is in most cases easily accessible
and does not include the influence of the trash rack (Section 3.2).

A differential pressure transmitter was applied in this study, which allowed directly measuring
the differential pressure ∆p = p1 − p2 and increasing the accuracy of this value [15]. For free surface
applications, at least one water depth is need in addition to ∆p to describe the flown through area.
In the following case, the upstream water depth h1 was used as well as the continuity equation.
Consequently, the local head loss coefficient ξ of the trash rack can be calculated as followed:

ξ∗ =
∆p
ρ

·
2 · B2 · h2

1
Q2 +

(
h−2

1 −
(

h1 −
∆p
ρ · g

)−2
)
· h2

1 − ξv,cont. (4)

This evaluation was only based on the three measurements of the differential pressure ∆p,
upstream water depth h1 and the discharge Q. The coefficient ξv,cont, which includes roughness and
the influence of the support structure for the trash rack in the experimental set-up, had to be evaluated
separately (Section 3.3).

1.3. Literature Values

A wide range of investigations are conducted to quantify the head loss (coefficient) through water
intakes at hydro power plants in the past. However, most of them address conventional trash racks
with vertical bars and a comparable big bar spacing. In the last years, the requirements changed
since the awareness of the need for fish protection and downstream migration measures is increasing.
Smaller spacing between the bars is needed as well as new developments.

One of the first fundamental investigations was carried out by Kirschmer [20] nearly a century
ago. He studied the head loss on trash racks with vertical bars of several bar shapes, bar widths,
bar spacings and rack inclinations. According to Kirschmer [20], the head loss coefficient ξK is given by

ξK = kF ·
( s

b

) 4
3 · kβ, (5)

where kF is the bar shape coefficient and kβ = sin(β) considers the rack inclination β in relation to the
initial vertical orientation of the bars. The geometry of the trash rack includes the bar width s and the
bar spacing b. Those constants are connected with the velocity height using v as the approach velocity
(comparable to the vre f in Equation (3)). Extensive experiments on trash racks with vertical bars were
also carried out by Meusburger [18], who expanded the basic equation introduced by Kirschmer [20].
The blockage ratio through the rack structure (including spacers and supporting elements) and through
debris or trash clogging is added. Furthermore, the flow angle θ is taken in account based on adjusted
calculation approaches [21–23]. Based on his results, the head loss coefficient ξM is given by:

ξM = ξp · kβ · kδ · kv, (6)

with ξP defined by the head loss coefficient resulting from blockage, which depends on the blockage
ratio p and the bar shape coefficient kF:

ξp = kF ·
(

p
1 − p

)1.5
, p =

Ab + As

At
, (7)
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where Ab is the area of bars; As is the area through supports, spacers, etc.; and At is the total area of
the trash rack in the flow. The constant kδ is a factor considering the approach flow angle δ and kv the
blockage by clogging. Both factors were further described by Meusburger [18], but not considered in
the current investigation.

Clark et al. [24] studied head loss on various trash configurations under pressurised flow
conditions. However, research on hydraulic loss more and more focuses on fish friendly trash racks in
recent years. Raynal et al. [25] tested inclined vertical trash racks with rectangular and hydrodynamic
bar shapes, small bar spacings (b ≤ 30 mm) and a wide range of inclinations (β = 15◦ to 90◦). Based on
their results, they proposed a new head loss equation, where particular low angles and the separation
of the blockage ratio due to bars and transversal elements are taken into account. However, their head
loss equation is restricted to investigated bar shapes. Other fish-friendly solutions such as angled
trash racks with vertical angled bars (bar racks) are investigated within various experiments [8,26–28].
With respect to the flow conditions at these trash rack types, where flow is deflected twice through
the angled slats, the results and developed head loss formulas are not transferable to geometries
similar to the FFF. Head loss on trash racks with horizontal bars, which are more similar to studied
rack configurations, has still not been sufficiently investigated for a comparable wide parameter
range. Szabo-Meszaros et al. [27] studied head losses and hydraulic conditions at six angled trash rack
configurations (with vertical angled, vertical streamwise bars and horizontal bars of rectangular and
hydrodynamic bar shape). The results show that head loss at horizontal trash racks is comparably
low (and lowest with a hydrodynamic bar shape) and the hydraulic conditions at the bypass entrance
are favourable from an ecological point of view [27]. Berger [29] studied head loss at horizontal trash
racks with a rectangular bar shape for a wider range of blockage ratios (p = 0.34–0.57) and rack angles
(α = 30◦–70◦), but similar to the above results are not directly transferable to the current study due to
differences in the experimental design (e.g., they included a bypass and different hydraulic conditions).

According to the circular bar shape, length L and small bar spacings, the studied racks are highly
vulnerable to flow-induced vibrations, which additionally affect head loss. In general, the vertical
amplitudes of these vibrations are dependent on the frequency, the preload forces and cable length
as well as the flow velocity [14]. This study evaluated basically the effect of blockage and rack angle
on head loss on angled horizontal trash racks with circular bars (CBTR), where vibrations were
firstly mitigated by an additional spacers. Further, the same parameters were studied at the FFF and
compared with the former results to estimate the effect of cable vibrations on head loss. Finally, it was
evaluated if the common formulas for head loss estimation (Equations (5) and (6)) at (inclined) trash
racks with vertical bars are transferable to the rack configurations.

2. Materials and Methods

2.1. Experimental Setup

The experiments were carried out in a rectangular channel at the Hydraulic Engineering
Laboratory at the University of Innsbruck and split into two different main configurations: (a) circular
bars (CBTR); and (b) cables (FFF) (Figure 1). The flume is 20 m long and has a width B of 0.8 m.
On both sides, 1 m high glass side walls allow observing the experiments. The water supply from an
elevated tank fills up a tank and a flow straightener homogenises the flow further (Figure 2). At the
outlet of the flume, the water flows over a flap gate into the underground tank, where it is pumped
back to the elevated tank. It is noted that water temperature did not changed through this circulation
process because of the high volume of both tanks. The discharge Q was varied from 50 to 230 L s−1,
which corresponds to approach velocities from 0.16 to 0.72 m s−1, and bar Reynolds numbers Reb from
750 to 3500. The Bar–Reynolds number is thereby defined by

Reb =
v1 · s

ν
=

Q · s
B · h1 · ν

. (8)



Water 2019, 11, 1056 5 of 18

All experiments were conducted with turbulent flow conditions (see Reynolds numbers in Table 1).
In this definition, the velocity v1 in front of the installation was used and consequently the water depth
h1 multiplied by the width B of the flume allowed connecting the discharge Q. With the kinematic
viscosity ν, the properties of water were taken into account and, for the characteristic linear dimension,
the diameter s of the bars/cables was used (Table 1).

Table 1. Overview of the parameter—varied ones are marked with a *.

Parameter Rods Cables

Bar diameter s (mm) 5 5
* Spacing b (mm) 5, 10, 15 5, 10, 15
* Angle α (◦) 90, 45, 30 40, 30, 20
* Discharge Q (l s−1) 50–200 80–230
Bar shape coefficient kF (-) 1.79 1.79
s/b (-) 0.33, 0.5, 1,0 0.33, 0.5, 1.0
Blockage ratio p (-) 0.25, 0.33, 0.5 0.25, 0.33, 0.5
Bar length l (m) 0.80, 1.24, 1.60 1.25, 1.60, 2.34
Approach velocity v (m s−1) 0.16–0.63 0.25–0.72
Bar–Reynolds-No. Reb (-) 750–3000 1250–3500
Reynolds-No. Re (-) 31,000–125,000 50,000–144,000
Froude F (-) 0.08–0.3 0.13–0.36

Figure 1. Angled trash rack with circular bars (CBTR) with: α = 30◦ and b = 5 m (upstream view) (a);
detailed side view of bar option from the side of the flume (b); Flexible Fish Fence (FFF) with α = 30◦

and b = 5 mm (c); and detailed side view of the flow pattern at the tail water of the FFF (d).

A flap gate at the end of the flume allows controling the tailwater depth. In all experiments and
independent of the discharge Q, the water depth of 0.4 m was maintained at the flap gate. This was
controlled with a point gauge (PG) at x = 17 m, which is 0.3 m upstream of the ultrasonic sensor (US) 8.

The investigated trash racks were installed 9.6 m downstream from the channel inlet. The FFF
requires high preload forces to tension the cables. A solid self-supporting structure had to be designed
to install this in the glass-sided flume (Figure 1c). The influence of the supporting structure was
minimised as far as possible. Separate experiments were conducted without the bars or cables to allow
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identifying head loss through the supporting structure at the flume walls together with the frictional
loss. Based on the dominant influence of the free surface flow, an upscaling should be conducted
according to Froude similarity [30]. All components were designed in a scale λ of 1:2, considering
the ratio of water depth to bar width h/s ≥ 60, which ensured that the resistance of the bars does not
depend on the Froude number [21].

Figure 2. Schematic side view of the experimental flume including the local coordinate system—the
locations of the points are given in Table 2.

Table 2. Location of the measurement points of the ultrasonic sensors (US) and the point gauge (PG)
shown in Figure 2.

US1 US2 US3 US4 US5 US6 US7 PG US8

x (m) 5.3 6.5 7.5 8.3 11.3 13.7 16.1 17 17.3

2.2. Measurement

In each single experiment, the same procedure was applied. In a first step, the discharge Q through
the flume was changed by the main inlet valve and then we waited until it was stable. Furthermore,
the downstream water level at the end of the flume was adjusted to a water depth of 0.4 m. After steady
flow conditions were reached, the measurement was conducted. Each condition was observed for
approximately 10 min. At eight measuring points along the flume centre axis, the water levels were
measured by ultrasonic sensors (US) (Figure 2) with an accuracy of ±1 mm and measurement frequency
of 5 Hz. The point gauge was randomly used to control the measurement of the US8. Additionally,
the pressure head loss through the CBTR and the FFF, respectively, was measured with a differential
pressure transmitter (DPT) with a higher accuracy (±0.2 mm). Therefore, the two measuring points
were located approximately 3 m upstream (measurement point US2) and around 6 m downstream of
the racks (US7). Based on the measurements of the other US, it could be determined that US2 and US7
were in a homogeneous flow condition and not influenced by the racks or the flap gate (Figure 2).

The discharge Q was derived by two pipes from the headwater tank of the laboratory and
measured with a magnetic inductive discharge-meters (MID) of ±1% accuracy. A plausibility check
was conducted based on the needed weir height to reach the steady tail water height of 0.4 m.
Therewith, all measurements, namely discharge and water depth, were redundant and could be
checked independently.

2.3. Investigated Parameters

The circular cross section of the circular bars and the cables were identical with a diameter s of
5 mm, which allowed identifying the influence of cable vibrations. A supporting structure holds the
rack at the side walls over a rack height of 0.5 m. Flow-induced vibrations were comparably strong
based on the circular bar shape. These vibrations were intended to be excluded or even mitigated for
the investigated option CBTR. Thus, additional spacers were applied (one for α = 90 and 45◦ and two
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for α = 30◦, Figure 1a), which consist of rounded bars of a width of 5 mm and were tested as part of
preliminary experiments.

In a first step, the bar spacing was varied from b = 5 mm to 15 mm, which reproduced full-scale
bar spacing between 10 and 30 mm. Consequently, the ratio s/b [20] was 0.33–1.0 and blockage ratio
p [18] ranged from 0.25 to 0.5, respectively. It is noted that the ratios s/b [20] and p/(1 − p) [18] were
equal for both rack options since the few transversal elements installed at the CBTR had no significant
effect on p. The second main parameter for the investigation is the rack angle α related to the flow
direction (Figure 1). For the CBTR, three angles were studied from fish-friendly (α = 30◦ and 45◦) to
the conventional (α = 90◦) resulting in variable lengths of the bars. For the FFF, fish-friendly solutions
with smaller rack angles were the focus of the study. Thus, α was varied in a smaller range with
α ≤ 40◦ (Table 1).

In total, nine different geometries were investigated under six steady discharges, as summarised
in Table 1. Each measurement was repeated in a different order so that independence of the previous
experiments could be ensured. Additional reference experiments allowed determining the head loss
hv,cont, which includes the surface friction as well as the supporting structures (trash rack without
bars or FFF without cables, respectively). Those were conducted for the whole discharge range and
all observed angles α. Consequently, the main study was based on 216 basic experiments and 36
reference tests.

3. Results

3.1. Overview

The investigated head loss was comparably small and close to the measurement accuracy as well
as the nearly unavoidable changes in the water level in the flume with higher discharge. Therefore,
the verification process of the measurement process is of great importance and is presented in
Section 3.2. The constant losses due to the supporting structure and friction are quantified in Section 3.3
and later excluded from the main results of the investigated different options. For each of the two
options, namely the trash rack (CBTR) and the flexible fish fence (FFF), the effect on the head loss
based on the spacing between bars or cables, respectively, as well as the angle α are considered in
Section 3.4. A direct comparison was conducted for an angle α equal to 30◦. Further, the measured
head loss coefficients were compared with literature equations and a regression model is fitted to the
data to adapt Equation (6) to the studied rack options. This would allow implementing the findings in
future applications with comparable settings.

3.2. Measurement Accuracy and Data Verification

As a first step of the verification process, each individual measurement was analysed
independently of the investigated option and parameter combination. It was assumed that the
investigated rack geometry had no effect on the individual analysis. Consequently, all runs were
simultaneously checked to verify the chosen analysis method for the measurements. The second part
of the verification process focused on the calculation of the total head loss coefficient ξ∗, which includes
the constant losses due to the support structure and friction (Section 3.3). Generally, it was assumed
that ξ∗ is a constant value and only depending on the geometry. This allowed connecting the local
head loss hv with the velocity height in front of the installation, as presented in Equation (3). For the
verification of the calculation, the total head loss hv,total based on Equation (1) was applied for the two
main sections US2 and US7 (Figure 2).

Figure 3 presents all measurements standardised by the mean value of each individual parameter
combination for all eight ultrasonic sensors (US) as well as the two different approaches to evaluate
the pressure difference between the two sections. The found deviations of the mean values are in
the range of a few millimetres and can be caused by the measurement accuracy but more likely by
waves. The scattering of the measured water depths downstream of the trash racks (US5–US8) is
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generally higher than for measurements upstream of the investigated structures. Increased turbulence
causes this effect, as expected. Based on this analysis, the velocity v1 was chosen as a reference velocity
vre f in Equation (3) for the calculation of the total local head loss coefficient ξ∗, respectively, ξ for the
main investigations.

Figure 3. Analysis of the individual measured value standardised by the mean value of each geometry
set-up: water depth at measurement points US1–US8 with ultrasonic sensors (left); and differential
pressure transmitter (DPT) and difference between US7 and US2 (right).

A similar analysis was conducted for the pressure difference between the two cross sections
US2 and US7 (Figure 3). The direct measurement with the differential pressure transducer (DPT)
shows a comparable result to the single US measurements upstream of the structure. The uncertainty
would increase, if instead the second US measurement were used to evaluate the pressure difference
(US2–US7 in Figure 3). To further investigate this, the parallel measurement with the differential
pressure transmitter ∆hDPT can be put in opposition with the ultrasonic sensors difference ∆hUS =
US2–US7, as shown in Figure 4. Ideally, all points of each individual measurement would lay on
the blue line of equality for this analysis. Obviously, the pressure head values differ considerably
and partially strong outliers are produced by the ultrasonic measurement, which can also be seen in
Figure 3. If the individual measured values are averaged for each measurement (Figure 4, right), it can
be seen that the single outliers do not have such a significant influence on the mean value. Nevertheless,
the previous comparison highlights the importance of the DPT to measure the differential pressure
∆pDPT with a very high accuracy, as known from previous studies [15,19]. The DPT was further chosen
as input values for the ξ-calculation based on Equation (4).

Figure 4. Comparison of pressure head loss ∆hUS and ∆hDPT including all measuring points (left);
and as a mean value for each geometrical set-up (right).
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In the second part of the verification, the influences of the chosen measurement values h1, ∆pDPT
and Q on the local head loss coefficient was investigated based on Equation (4). For this, the variable
ξ∗ was used, which is based on the total loss including also those separately investigated (Section 3.3),
hv,cont or ξv,cont. The coefficient ξ∗ij was calculated based on each of the 2700 single measured values
(j) for each parameter combination and rack option (i). Those results were standardised by the
corresponding mean value of the measurement and presented in three classes depending on the
Bar–Reynolds Number Reb in Figure 5. The fluctuations are in the range of 0.1 (-) and decrease with a
higher discharge. In a previous step, the influence of the averaging was investigated. The difference
between the mean value of ξ∗i and a single calculation of the coefficient ξ∗ij based on the previously
averaged measurement values is negligible.

Figure 5. Head loss coefficients ξ∗ij calculated for each data point (j = 1–2700) subtracted by the mean
value of ξ∗i of each measurement for three ranges of Bar–Reynolds number Reb.

In the analysis, the assumption is made that the local head loss coefficient is independent from
the discharge Q under turbulent conditions. Hence, the model scale of 1:2 is expected to have no
influence on the studied Bar–Reynolds numbers. The resistance coefficient of circular bar shapes is
nearly independent in the range of Reb of 500–20,000 [31,32]. Nevertheless, recent studies on trash
racks or bar racks with rectangular, rounded and hydrodynamic bar shapes recommend Bar–Reynolds
numbers higher than 1500 [18,25,26,28]. Since the experiments of this study covered the range of Reb
of 750–3500, the scale effect of the physical model was checked for the studied cylindrical bar shapes
in order to ensure the transferability of the results to nature conditions. Figure 6 demonstrates that
ξ∗ is roughly independent from Reb for both trash rack types. Thus, the results can be transferred to
applications under full-scale conditions.

Figure 6. Head loss coefficient ξ∗ versus Bar–Reynolds number Reb for selected CBTR (left) and FFF
configurations (right).
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3.3. Head Loss Through Supporting Structures and Surface Friction

The installation of the trash rack (CBTR) and the flexible fish fence (FFF) in the experiments
required supporting structures on both sides on the channel wall (Figure 1). For the FFF, this differs
to real applications where these supporting structures are not exposed to the flow [9]. However,
these supporting structures were optimised regarding their size and shape, but they still caused
an additional form resistance to the flow. Therefore, the reference head loss hv,cont was measured
without bars/cables and only remaining supporting structures. Thus, hv,cont includes the influence
of the supporting structure as well as the friction of the flume boundary. The bar plots in Figure 7
demonstrate that head loss coefficients ξv,cont for both rack types and the studied rack angles are all in
a similar range of ξv,cont ≈ 0.2, which is a substantial part of the measured loss in comparison to those
due to the investigated structure. For the perpendicular CBTR (α = 90◦), ξv,cont tends to be slightly
lower, which is probably due to the fact that flow separation is concentrated at one location. Obviously,
the proportion of ξv,cont on ξ∗ is relatively high depending on the rack configurations up to 2/3 of ξ∗.

Figure 7. Proportion of head loss coefficient ξv,cont through the supporting structure and friction and ξ

for rack option CBTR (above) and FFF (below) on the total head loss coefficient ξ∗.

3.4. Head Loss Coefficients of the Rack Configurations

The following presented results focus on the varied parameters spacing b and angle α (Table 1).
All ξ-values measured at the trash rack with circular bars (CBTR) and flexible fish fence (FFF) are
summarised in Table 3, in which similar configurations of both options are highlighted. Figure 8
demonstrates the effect of blockage ratio p—introduced in Equation (7)—on the head loss coefficient
ξ, calculated by subtracting ξv,cont (Section 3.3) from the total head loss coefficient ξ∗. As expected, ξ

increases disproportionally with increasing blockage ratios for both investigated rack options. Thereby,
the increase of ξ with p positively depends on the angle (Figure 8). Furthermore, the comparison of the
results with α equal 30◦ in Figure 8 reveal that the influence of p on ξ is more pronounced for the FFF.
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Table 3. Local head loss ξ measured for the trash rack with circular bars (CBTR) and the flexible fish
fence (FFF) depending on the blockage ratio p and rack angle α—differences between the two rack
options for α = 30◦.

CBTR FFF Difference

p (-) α (◦) ξCBTR (-) p (-) α (◦) ξFFF (-) ∆ξ = ξFFF − ξCBTR (-) ∆ξ/ξCBTR (%)

0.25 45 0.198 0.25 20 0.075 - -
0.33 45 0.37 0.33 20 0.162 - -
0.50 45 0.957 0.50 20 0.385 - -
0.25 30 0.146 0.25 30 0.148 0.002 1.4%
0.33 30 0.242 0.33 30 0.322 0.08 33.1%
0.50 30 0.533 0.50 30 0.818 0.285 53.5%
0.25 90 0.449 0.25 40 0.305 - -
0.33 90 0.775 0.33 40 0.488 - -
0.50 90 1.884 0.50 40 1.295 - -

Figure 8. Head loss coefficient ξ versus blockage ratio p for the CBTR (left) and FFF option (right).

The effect of rack angle α on ξ is shown in Figure 9, where the measured data at the CBTR and FFF
with all investigated p are all illustrated in one plot. Head loss coefficient ξ increases with increasing α

and it is generally stronger for higher blockage ratios p. The comparison of the ξ-values revealed a
stronger impact of α on ξ at the FFF than at the TR (Figure 9) in the range of α ≤ 45◦.

Figure 9. Head loss coefficient ξ versus rack angle α for both rack options (CBTR and FFF).
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Besides the stronger trend of ξ with α observed at the FFF, the value of ξ at all rack configurations
with α = 30◦ is up to 53% higher (p = 0.5, Table 3) for the FFF than for the CBTR. However, the magnitude
of the head loss coefficient ξ is generally low for both rack options and for certain rack configurations
of similar order than ξv,cont (Figure 7). In this respect, it is worth noting that ξv,cont of the FFF is
probably lower for full-scale conditions, since the supporting structures are there usually not exposed
to the flow.

3.5. Empirical Relations to Predict Head Loss of Angled Racks

An attempt was made to estimate the head loss of both rack options by applying the methods
according Equation (5) provided by Kirschmer [20] and Equation (6) modified by Meusburger [18].
Both methods are developed for vertical (inclined) rack types and it is known that the approaching
velocity at the inclined trash rack can change significantly over the cross section with a peak at the far
end of the inclined structure [25,33]. Nevertheless, it was assumed that the vertical inclination β of
Equation (5) and Equation (6) can be replaced by the horizontal angle α. Thus, the modified equations
used in this study are defined by:

ξK = kF ·
( s

b

) 4
3 · sin(α), (9)

ξM = kF ·
(

p
1 − p

) 3
2
· sin(α). (10)

Herein, kF was set to a constant value of 1.79, representing the bar shape coefficient for circular
bars. It is noted that the s

b and p
1−p ratios were similar for both options, since the influence of transversal

elements were negligible small for CBTR and absent for FFF. Figure 10 demonstrates the percentage
deviation of the predicted head loss coefficients ξp with Equation (10) (left) and Equation (9) (right)
from the measured ξ values with the ±25% and ±75% lines. Around 80% of the measured ξm values
at the FFF and 70% at the CBTR deviate from the predicted ξp coefficients with Equation (10) (less than
±25%), while the proportion is slightly lower for ξp with Equation (9). The comparison of predicted
and measured head loss coefficients also revealed a positive overestimation of ξm for both formulae.
Again, this is slightly more pronounced for the formula of Kirschmer (Equation (9)). Additionally,
the deviation of predicted and measured ξ is correlated with the angle. There is an overestimation with
the smallest angles and particularly for the highest blockage ratio p = 0.5 and a slight underestimation
with the highest angles (α = 90◦ for CBTR and α = 40◦ for FFF). To compensate this overestimation,
ξ f itted was introduced based on a modified Equation (10), in which the measured head loss coefficients
ξm are used to obtain the coefficients k0 to k2:

ξ f itted = k0 ·
(

p
1 − p

)k1

· (sin(α))k2 . (11)

Therefore, a multiple linear regression analysis with the log-transformed parameters p
1−p and

sin(α) was performed. Table 4 shows the corresponding coefficients k0 to k2, R2 and RMSE
(root-mean-square error) for the measured head loss coefficients at the CBTR and the FFF. The exponent
of p

1−p is defined by k1 and is 1.30 for the CBTR and 1.44 for the FFF, respectively, and in a similar
range of both equations. In contrast, the exponent k2 of sin(α) with 1.70 for the CBTR and 1.96 for
the FFF option varies widely from the proposed value of Kirschmer [20]. At least, the coefficient k0

with exp(0.59) = 1.8 for the CBTR matches well with the bar shape coefficient of 1.79 for circular bar
shapes given by Equation (9). For the FFF configurations, k0 is comparably higher with exp(1.16) =
3.19 (Table 4). Further tests are needed to confirm and refine this analysis.
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Figure 10. Percentage deviation of the predicted head loss coefficients ξp by Equation (10) (left) and
Equation (9) (right) from the measured head loss coefficients ξm. The two rack options are highlighted in
grey (CBTR) and black (FFF) and differentiated by the related blockage ratios of the rack configurations.
The dashed and dotted lines represent the ±75% and ±25% deviation of ξp from ξm.

Table 4. Results of the multiple linear regression analysis for Equation (11).

k0 k1 k2 R2 RMSE

CBTR 1.80 1.3 1.7 0.9904 0.0414
FFF 3.19 1.44 1.96 0.9861 0.0006

4. Discussion

4.1. Accuracy and Scale Effects

The measured ξ values are for all investigated rack options in a comparably small range from
0.075 to 1.884 (-) (Table 3, vre f = v1 ). Consequently, the accuracy of the measurements and the analysis
are crucial. The verification analysis, presented in Section 3.2, clearly indicated the use of the water
height in front of the trash rack as well as the differential pressure transducer instead of a second
ultrasonic measurement downstream of the investigated structures. The deployment of a discharge
measurement with a better accuracy would be desirable but would have been required to bypass
the existing fix installation of the flume. All used measurements were independently checked by a
redundant system continuously or randomly manually. The long observation period for each run of
10 min allowed finding a very stable mean value of the local head loss.

Scale effects of the 1:2 model were also analysed for the studied Bar–Reynolds Numbers of
750–3500, since a recent study by Albayrak et al. [28] on louvers and angled bar racks shows that ξ

values for Reb ≤ 1500 are slightly lower for a 1:2 than for a 1:1 scale model. A similar phenomenon was
observed by Raynal et al. [25], in which higher variations of ξ for lower Reb occur, mostly pronounced
for the inclined trash racks with a hydrodynamic bar profile. However, this is not confirmed for
the head loss coefficients at the CBTR and FFF, where ξ is almost constant for the whole Reb range
(Figure 6). These differences are probably attributed to the different bar shapes of the studied trash
racks. For rack configurations with a circular bar shape, ξ is at least nearly independent from Reb ≥ 750,
which is more consistent with the results of Blevins [31] of drag coefficients on a single circular cylinder.

4.2. Effect of Blockage and Angle

As expected by past studies [18,20,24,25], head loss coefficient is a function of the blockage
ratio p and bar spacing, respectively. Thereby, ξ disproportionally increase with increasing blockage
ratios for both rack options. In comparison, this increase of ξ with p is stronger for the FFF than for
the CBTR (Figure 8 and Table 1). This is likely due to the different characteristics of flow induced
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vibrations of cables and bars. In general, both rack options are very vulnerable to flow-induced
vibrations due to their circular bar shape [34]. The vertical movement of the vibrating circular bars or
cables leads to a significant reduction of the free flow area, which results in a higher form resistance
and head loss. For the basic experiments with the CBTR, it was intended to exclude or reduce the
effect of bar vibrations, thus additional spacers were installed to increase the stiffness. However,
vibrations were mitigated but could not be fully avoided at the CBTR (in dependence of Reb), but the
vertical amplitudes of the individual bars were comparably small. Instead, the whole trash rack area
was oscillating for some specific CBTR configurations (high blockage ratios and high angles) with
higher Bar–Reynolds numbers. In comparison, cable vibrations at the FFF were very pronounced
and occurred over the whole range of Reb for the configurations with highest blockage ratio p = 0.5
(vibration amplitudes increase with increasing velocity and Reb, respectively). This observation
corresponds to Naudascher and Rockwell [34], who stated that smaller spacing of bars leads to a
higher intensity of the buffeting due to wake turbulence and interference [34]. For lower blockage
ratios, the cables oscillated at least above a certain threshold of Reb. In summary, the phenomenon of
flow-induced vibrations was significantly dominant at the FFF and, further, it was amplified by small
bar spacing. For the experiments with p = 0.5 at the FFF (corresponding with the bar spacing being
equal the bar diameter), the vertical movement of the vibrating cables reached the same magnitude of
spacing b. According to Tanida et al. [35], the resistance coefficient can increase up to a double, if the
amplitudes are high enough.

Besides the blockage, head loss coefficients are also affected by the rack angle, whereby ξ increases
with increasing α. This probably results from a reduction of the total rack area with increasing α and a
corresponding increase of the mean flow velocity at the rack. The same phenomenon was shown by
Raynal et al. [25] at vertical inclined trash racks with β = 15–90◦, in which lower angles significantly
reduce velocities in front and downstream the racks and head loss coefficients [25]. Furthermore,
Berger [29] measured the head loss ∆h at horizontal trash racks with rectangular bars and observed
also an increase of ∆h with increasing angle α. In contrast, this effect of rack angle α was not observed
at angled streamwise (vertical) bar racks [36]. Raynal et al. [36] showed that ξ as well as the velocity
distribution in front of the rack is not affected by the rack angle at a trash rack with vertical bars.
It is assumed that the vertical trash racks deflects the incoming flow along the full length of the rack
and therewith has as a higher influence on the direction of the flow. A direct comparison between
vertical and horizontal racks under identical boundary conditions including an intensive velocity
measurement should be part of further research to clarify quantify the influence of the orientation of
the racks.

4.3. Prediction of Head Loss Coefficients of Angled Racks with Empirical Equations

The head loss coefficients for the CBTR and the FFF estimated by Equation (10) roughly correspond
with the measured head loss coefficients, but systematic deviations arise for configurations with the
highest blockage ratio (p = 0.5) and low angles (particularly for CBTR and α = 30◦ or FFF and α = 20◦).
For those configurations, the estimated ξ values are too high. It is noted, that the corresponding
original approach of Meusbuger [18] in Equation (6) uses the vertical inclination of the rack β rather
than the horizontal angle α. However, the influence of β on ξ in Equation (6) is based on measurements
of preceding studies [20] with a range of β = 60◦ to 90◦. In contrast, Raynal et al. [25] observed a similar
overestimation of Equations (9) and (10) at lower inclinations of vertical trash racks and derived the
effect of β on ξ on blockage through bars with sin2(β) in their newly developed formula [25].

For the current results, the regression in Equation (11) similar to Equation (6) was fitted to the
measured head loss coefficients to improve the estimation and to quantify the dependency of rack
angle and blockage on ξ (Table 4). As expected, the effect of rack angle α is not sufficiently described
by the standard sinus function applied in Equation (6). With sin1.70(α) for CBTR and sin1.96(α) for
FFF configurations (k2 in Table 4), it is obvious that rack angle α has a stronger effect on head loss
for the observed rack options. Furthermore, the fitted functions correspond more to the approach of
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Raynal et al. [25] for vertical inclined trash racks with low values of β [25]. Moreover, the exponents of
the blockage term p

1−p with 1.3 and 1.44 for CBTR and FFF, respectively (k1 in Table 4 ), are slightly
below the value of 1.5 in Equation (6). Particularly, for the CBTR configurations, it fits better to
Kirschmer’s description with s

b
(4/3), where transversal elements of trash racks are unattended [20].

However, the higher exponent of the blockage term for FFF compared to CBTR seem to be a result of
the cable vibrations, which are intensified particularly at higher blockage ratios. The last regression
coefficient k0 corresponds to the bar shape coefficient kF proposed by Kirschmer [20]. For the CBTR
configuration, it is 1.8 (k0 in Table 4), which matches very well with the bar shape coefficient kF of 1.79
for circular bar shapes given by Kirschmer [20]. For the FFF configurations, k0 is comparably higher
(3.19, Table 4), which may be again due to flow-induced vibrations and a stronger interaction between
the cables.

4.4. Transferability of the Results to Technical Applications and Outlook

The multiple regression model of the results should not be considered as a new developed
formula, since the studied parameter range of p (spacing b, respectively) and α is limited. Moreover,
other influences at real hydro power applications, e.g., blockage through debris clogging, angled
approach flow or additional structures such as a bypass, are not considered. Thus, a wider parameter
set should be further analysed in laboratory but also in real application in order to validate or enhance
the proposed model into a formula. Meanwhile, the effect of flow-induced cable vibrations on head loss
in quantitative terms is not directly transferable to full-scale applications of the FFF. The amplitudes of
cable vibrations are dependent on parameters such as the preload forces and frequency, cable length
and flow velocities on-site [14]. Again, further research is necessary to include the effect of vibrations in
the formula. Nevertheless, the results show that the additional effect of flow-induced cable vibrations
on head loss is not negligible.

The transferability of the results to conventional horizontal trash racks is difficult to assess,
since only a few studies about head loss on these trash racks are published. In this respect,
two investigations about head loss at horizontal trash racks can be roughly compared with the
rack option CBTR of this study. Szabo-Meszaros et al. [27] investigated the head loss of two angled
horizontal trash racks with α = 30◦ and a volume based blockage ratio (Equation (1) in [27]) of 0.35
and 0.32 with rectangular and hydrodynamic bar profiles, respectively [27]). In addition, Berger [29]
investigated head loss at horizontal trash racks with a wider parameter range of p and α and rectangular
bar profiles [29]. In both studies [27,29], the total head loss coefficients (either reported [27] or calculated
from reported head loss and velocity [29] according to Equation (3)) are noticeably higher than the
results presented herein at similar geometric configurations. However, the experimental designs
in [27,29] differ considerably from this study (e.g., different bar shapes). Additionally, the reported
head loss in [27,29] includes head losses through deflection into a bypass and partly through additional
transversal elements. The latter refers to spacers and supporting structures, which are necessary at
conventional horizontal trash racks. In this respect, the additional effect on head loss depends also on
their geometry (e.g., circular spacers are independent from the rack angle [25], while other bar shapes
have an adverse effect on ξ with decreasing α. In summary, it reveals the need to investigate a wider
parameter set and to address each component separately.

5. Conclusions

The presented experimental study investigated the flexible fish fence (FFF), a physical barrier
created by horizontally arranged steel cables, and an angled horizontal trash rack with circular bars
(CBTR). Thereby, particularly the effect of bar spacing and rack angle was examined and a comparison
of both rack options at an angle of 30◦ allowed assessing the influence of flow-induced cable vibrations
(at the FFF) on the head loss coefficient ξ. The observed ξ-values were compared with the head loss
(Equations (9) and (10)) of Kirschmer [20] and Meusburger [18] and a modified approach for angled
horizontal trash racks is introduced. Therefore, additional coefficients to the original Equation (10) were
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fitted based on the observed data. This allowed quantifying the relationship between the independent
variables bar spacing and rack angle to the head loss coefficient based on Equation (11). The following
conclusions summarise the findings of this experimental investigating:

• Head loss coefficient ξ is independent from the Bar–Reynolds number in the studied range of Reb
of 750–3500 and scale effects can be neglected.

• The coefficient ξ is significantly affected by the blockage ratio and the rack angle (Section 3.4,
Table 3). The strong increase of head loss with decreasing bar spacings, which are necessary for
fish protection, can be countered by designing lower rack angles (α ≤ 45◦).

• With increasing blockage ratios, the head loss coefficient at the FFF is up to 53% higher compared
to the CBTR. This phenomenon is likely resulting from the effect of flow-induced cable vibrations
and hence a further increase of blockage. Since amplitudes and frequencies of the vibrations are
depending on parameters such as preload forces, cable length or flow velocity, the transferability
to full-scale applications is limited.

• Head loss at the CBTR and FFF can be roughly estimated with a modified version of Equation (10)
originally published by Meusburger [18], where the horizontal angle is used instead of the vertical
rack inclination. However, the comparison of measured and estimated head loss revealed a
systematic bias, which is more pronounced for rack options with low angles and high blockage.

• An adaption of Equation (11) with the coefficients given in Table 4 allows estimating the head loss
coefficient for the investigated options CBTR and FFF. It better takes the specific characteristics of
both rack options (low rack angles, high blockage ratios, and bars vs. cables) into account.
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Notation

A = area (m2) α = rack angle in relation to the vertical wall (◦)
b = spacing between the bars (m) β = rack angle in relation to the ground plane (◦)
B = width of the flume (m) λ = scale factor (-)
F = Froude number (-) ρ = mass density of water ≈ 997 (kg m−3)
g = gravity acceleration (m s−2) ν = kinematic viscosity (m2 s−1)
h = water depth (m) ξ = head loss coefficient (-)
hv = head loss (m) ξ∗ = total head loss coefficient (-)
kF = bar shape coefficient (-) ξp = predicted head loss coefficient
k = constant ξm = measured head loss coefficient
l = bar length (in cross section) (m) ξv,cont = ξ due to supports and surface friction (-)
p1,2 = pressure (Pa) ∆p = differential pressure = p1 − p2 (Pa)
p = blockage ratio (-) CBTR circular bar trash rack
Q = discharge (m3 s−1) DPT differential pressure transducer
Re = Reynolds Number (-) FFF Flexible Fish Fence
Reb = Bar–Reynolds Number (-) PG point gauge
s = diameter of the bar/cable (m) US ultrasonic sensor
v1,2 = velocity (m s−1)
z = elevation (m)
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